Research Highlights (1) The therapeutic effect of the combined treatment of compound light granules and ciliary neurotrophic factor for optic nerve injury was observed using biomechanical and histological examinations. ( 2) The stress and strain of the optic nerve were assessed in longitudinal tensile testing, and the optic nerve stress-strain relationship was established using regression analysis and quantitative analysis was performed. (3) After optic nerve injury, the tensile elastic limit strain, elastic limit stress, maximum stress, and maximum strain were significantly reduced, and the tensile-bearing capacity was reduced.
(4) Compound light particles and ciliary neurotrophic factor can improve the morphology of the injured optic nerve, increase tensile mechanical index and resistance capacities towards loading and deformation, with the combined treatment being more effective than either alone.
INTRODUCTION
The optic nerve is composed of retinal ganglion cells (RGCs), axons and glia. Damage can occur to any part of the optic nerve, causing partial or complete loss of visual function. Therefore, the protection of optic nerves is one of the main focuses of research in the field of modern visual science [1] . Increasing attention has been paid to the diagnosis and treatment of optic nerve injury, and the protection of optic nerves [2] [3] [4] [5] [6] [7] [8] [9] [10] . A number of treatments have been explored for the treatment of optic nerve injury, including the administration of various antioxidants, nerve growth factor, apoptosis suppressing gene therapy, stem cell transplantation and autologous peripheral nerve bridging. Although some curative effects have been obtained, these therapies have not been applied in clinical practice [11] . Hall et al [12] used the antioxidant structure of vitamin E to replace the weak antioxidant amino side chain in Lazaroids steroid to synthesize U-78517F, a compound which has strong antioxidant properties and similar pharmacological actions to vitamin E. Furthermore, U-78517F has been shown to promote recovery following optic nerve injury. Watanabe et al [13] demonstrated that several neurotrophic (nerve growth factor, ciliary neurotrophic factor, brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor) and growth factors (fibroblast growth factor) significantly promoted the survival of RGCs in vitro and after optic nerve transection injury. Cui et al [14] reported that neurotrophic factor increases the expression of retinal growth associated protein-43 after optic nerve crush injury in SpragueDawley (SD) rats. Optic nerve crush injury was reproduced in SD rats at a distance of 2 mm from the eyeball and neurotrophic factor was microinjected into the vitreous body through the sclera. According to the studies of Liu et al [15] , neural stem cells, isolated from the hippocampus of SD embryonic rats, can improve the survival rate of RGCs and protect injured RGCs following transplantation into the vitreous body at the site of optic nerve injury in rats after cell culture. In addition, Yi et al [16] investigated changes in morphology and Bcl-2/Bax expression in the retina after optic nerve contusion in rats.
They found that the number of RGCs decreased significantly after injury, especially within the first 2 weeks; while Bcl-2 and Bax expression increased to varying degrees following injury, with changes in Bax occurring later than changes in Bcl-2. The expressions of both Bcl-2 and Bax increased initially post-injury and subsequently decreased. Furthermore, Bcl-2/Bax expression correlated with the number of surviving RGCs. Thus, the reduction in RGC numbers after optic nerve injury is one of the main pathological causes of visual function impairment following optic nerve injury, and both Bcl-2 and Bax play an important role in the mechanism behind RGC death.
Optic nerve injury is mainly treated by drugs in the early stages. Experimental and clinical studies in traumatic optic nerve injury have shown that non-glucocorticoid steroids, glucocorticoid steroids, vitamin E, excitatory amino acid antagonists, thromboxane receptor antagonist, gangliosides, calcium channel blockers and vitamins can all inhibit the formation and activities of lipid peroxides, ameliorate vasogenic edema, promote tissue repair and functional reconstruction following optic nerve injury. However, drug treatments have certain adverse reactions and complications, some of which may even have toxic effects [17] . Taoka et al [18] found that after optic nerve injury, vitamin E levels were reduced in the body. Vitamin E helps prevent the formation of free radicals, while also functions as a scavenger in vivo and effectively alleviates ischemic injury after optic nerve injury, reduces damage and promotes optic nerve repair. However, oral administration of vitamin E cannot cross the blood brain barrier effectively, thus limiting its therapeutic benefits in scavenging and preventing the generation of free radicals. Nimodipine, a calcium channel blocker, was also shown to play a protective role in optic neuritis of acute experimental autoimmune encephalomyelitic rats, as reported by Xu et al [19] . Other groups, such as Ding et al [20] , have further observed optic canal decompression combined with monosialotetrahexosylganglioside (GM-1) in the treatment of traumatic optic nerve injury. Results showed that there were no significant differences in preoperative general and traumatic conditions between single operation or combined treatment groups. Among nine cases in the single decompression group, there was no improvement in two, effective treatment in four, highly effective in two, and excellent in one case, giving a total efficiency rate of 77%. In comparison, among the 11 cases in the combined treatment group, no improvement was seen in two cases, effective improvement in three, highly effective in four, and excellent in two, with a total efficiency rate of 81%. The degree of recovery of visional acuity in the combined treatment group was better than the single operation group. Optic nerve decompression can release the compression on the optic nerve by making slices in the bone and reduce hematoma. Furthermore, cutting the optic nerve sheath and common tendinous ring can provide enough space for the damaged optic nerve fibers to promote functional recovery of the optic nerve. In addition, optic canal decompression combined with GM-1 can significantly promote the repair of damaged optic nerves and the improvement of the patients' visual acuity.
Traditional Chinese medicine has been suggested to be more effective than western medicine in the treatment of optic nerve injury in its therapeutic effects and prevention of adverse reactions [1] . Increasing evidence has emerged involving the use of traditional Chinese medicine for the treatment of optic nerve injury [21] [22] [23] . Wang et al [24] reported the effects of Buyanghuanwu decoction on the expression of malondialdehyde and superoxide dismutase in the retina after experimental optic nerve injury. Results found that Buyanghuanwu decoction significantly inhibited the increase of malondialdehyde and decreased the activity of superoxide dismutase at 5, 14 and 28 days after treatment. The effect of Fuming medicine on axoplasmic flow after traction optic nerve damage was also observed [25] , with 3 H-leucine and horseradish peroxidase being used as a tracer. After 30 days of treatment with Fuming medicine, axoplasmic flow of injured optic nerve significantly improved under autoradiography and electron microscopy.
According to the studies of Zhu et al [26] , compound light granule (Fuguang pellet) up-regulated the expression of the anti-apoptotic gene Bcl-2 and down-regulated the expression of the pro-apoptotic gene Bax after optic nerve crush injury in rabbits, while also alleviating the injury. The majority of studies to date have confirmed the therapeutic effects of using traditional Chinese medicine or neurotrophic factor for the treatment of optic nerve injury in animal models through biological and morphological investigations; however, the biomechanical indicators are not well defined. The biomechanical index is important for determining neurological impairment following brain and peripheral nerve injury for correct drug therapy.
This study aimed to verify the effects of ciliary neurotrophic factor (CNTF) and/or compound light granules in the treatment of optic nerve injury in experimental rabbit models by biomechanical and morphological analyses, in a broader attempt to provide biomechanical basis for clinical practice.
RESULTS

Quantitative analysis of experimental animals
Fifty healthy rabbits were randomly divided into five groups: normal control; model; CNTF; compound light granule; and CNTF + compound light granule groups. The interventions and outcome measures in each group are shown in Table 1 . There were 20 optic nerve specimens prepared in each group, of which 15 were used for biomechanical analysis via tensile test and the remaining five were used for histological observation. All 50 rabbits were involved in the final analysis. Optic nerve specimens were harvested at 30 days after administration, hematoxylin-eosin staining was applied to observe the morphology of longitudinal sections of the optic nerve. In tensile testing, the tensile maximum load, maximum stress, maximum strain, elastic limit strain, elastic limit load, elastic limit stress, and stress-strain curve of the optic nerve were measured Model Models of optic nerve injury were reproduced by clamp method, with no drug intervention CNTF Models of optic nerve injury were reproduced by clamp method and CNTF was injected into vitreous body [23] Compound light granule Models of optic nerve injury were reproduced by clamp method and compound light granules were intragastrically injected for 30 days [23] CNTF + compound light granule Models of optic nerve injury were reproduced by clamp method and both CNTF and compound light granules were injected CNTF: Ciliary neurotrophic factor.
Effect of CNTF and compound light granules on the pathological changes in longitudinal sections of injured optic nerve in rabbits
The morphological changes in the longitudinal profiles of the optic nerve were observed by hematoxylin-eosin staining and optical microscopy. In normal control group, optic nerve fibers were arranged in a regular and parallel manner, the staining was uniform, axons and other contents were clearly seen and the glia were of similar sizes ( Figure 1 ).
In the model group, optic nerve fibers were thin, tortuous, irregularly arrange, and the nuclei were not uniform ( Figure 2 ).
In the CNTF group, optic nerve fibers were disordered, and the optic nerve appeared healthier and the degree of injury was lighter than the model group ( Figure 3 ).
In the compound light granule group, a portion of optic nerve fibers were in a disordered arrangement, there was no thinning of the optic nerve and glial nuclei were not uniform ( Figure 4 ).
In the CNTF + compound light granule group, optic nerve fibers were disordered, glial nuclei were significantly increased and were mostly in an ordered arrangement (a small amount were still irregular), there was no thinning of the optic nerve and the degree of optic nerve injury was lighter than the CNTF and compound light granule groups ( Figure 5 ). Optic nerve fiber structure became disorganized, nerve fibers and glial cells degenerated and became necrotic, and dissolved nuclei were occasionally observed (red arrow). Optic nerve fibers arranged in disorder, the structure was visible, fiber bundles were not continuous, glial nuclei were increased, with some irregular nuclei, a small number of nuclei were dissolved and there were occasional nuclear fragments (red arrow). The structure of optic nerve fibers was visible; partial optic nerve fibers arranged irregularly, there was no thinning of the optic nerve, and glial nuclei were partially uneven (red arrow). Figure 5 Pathological changes in the longitudinal sections of the optic nerve in rabbits after treatment with ciliary neurotrophic factor and compound light granules (hematoxylin-eosin staining, × 400).
Optic nerve fibers arranged in disorder, fiber bundles were continuous (red arrow), glial nuclei were mostly regular, with a few irregular nuclei being observed.
Effect of CNTF and complex light granules on tensile mechanical indexes of injured optic nerve in rabbits
To compare and analyze the tensile mechanical properties of specimens in each group, a tensile test was performed with an electronic universal testing machine. The results are shown in Tables 2-6 . Tensile test showed that the maximum tensile load, stress and strain, and the elastic limit load, stress and strain of the optic nerve in the normal control group were significantly higher than those in the model, CNTF, compound light granule and CNTF + compound light granule groups (P < 0.05). Compared with model group, the above indexes were increased in the CNTF, compound light granule and CNTF + compound light granule groups, with the most significant difference in the CNTF + compound light granule group (P < 0.05; Table 7 ).
Effect of CNTF and complex light granule on the stress-strain curve of the optic nerve in rabbits Tensile test data for specimens in each group (n = 15) were subjected to curve fitting analysis and the obtained stress-strain curves are shown in Figures 6-10 . We could see that the normal optic nerve had the strongest tensile bearing capacity, followed by the injured optic nerve in the CNTF + compound light granule group, the injured optic nerve in the compound light granule group, and the injured optic nerve in the CNTF group. The injured optic nerve in the model group without any treatment had the weakest tensile bearing capacity.
Establishment of stress-strain functional correlation in the optic nerve of rabbits after CNTF and compound light granule treatment
The stress-strain function correlation was determined from the stress and strain data using a regression analysis method. 
DISCUSSION
Establishing animal models of optic nerve injury is fundamental for nerve injury research. In normal rabbits, the stress-strain curve is exponential when optic nerve strain is 0-3.8%, is directly proportional when optic nerve strain is 3.8-12.6%, and returns to an exponential relationship when optic strain is 12.6-15.8%. Large deformations occur in the specimens when the optic nerve strain is 15.8-18.2%, when the specimens lose their load-bearing capacity. The stress-strain curve is exponential when optic nerve strain is 0-1.8% and 8.0-10.4%. Large deformations occur in the specimens when the optic nerve strain is 10.4-12.7%, when specimens lose their load-bearing capacity. The stress-strain curve is exponential when optic nerve strain is 0-2.2% and 9.45-11.7%. Large deformations occur in the specimens when the optic nerve strain is 11.7-15.1%, when specimens lose their load-bearing capacity. The stress-strain curve is exponential when optic nerve strain is 0-2.5%, is directly proportional when optic nerve strain is 2.5-10.2%, and returns to an exponential relationship when optic strain is 10. The optic nerve of rabbits has a similar structure to the human optic nerve, which makes them a good model for studying optic nerve injury. According to a previous report [26] , establishing an optic nerve injury model 2 mm behind the eyeball using a reverse vascular clamp is a good method for avoiding damage to the blood circulation. In this study, this method was reproduced in our animal models of optic nerve injury at a specific site and time point by the same experienced eye doctor, and tensile tests and optical microscopy were used to confirm the success of modeling.
The relationship between the stress-strain curves of the specimens tested was exponential when stress was initiated, following which it became linear, returned to being exponential, and finally increased quickly with stress. The stress-strain curve was nonlinear as continuous force may cause the specimen fibers to extend until fracture. The change in the relationship between the stress-strain was similar among groups, but the stress-strain value decreased significantly in the model group, and decreased slightly in the CNTF, compound light granule, and CNTF + compound light granule groups, with the largest decline in the CNTF + compound light granule group.
The physiological functions of the optic nerve require an intact structure of nerve fibers, which imparts a certain resistance to load and deformation. Any resection or partial injury of nerve fibers may cause a loss in structural integrity, leading to a full or partial loss of optic nerve resistance to load, thereby resulting in deformation. Under a light microscope, the optic nerve fibers in the model group appeared to be thinning and were irregularly arranged; some fibers were beaded and traveled parallel to the longitudinal axis of optic nerve, but the majority of nerve fibers deviated from the track and had a disordered structure. There were an increasing number of glial cells near the center, while vacuolar degeneration was observed near the margin, where there were very few cells present. The resistance capacities to loading and deformation were obviously reduced.
As a neurotrophic factor, CNTF plays an important role in neural activity. CNTF can promote the survival of a variety of neural cells and is important for nervous system development, differentiation and restoration after clamp injury [21] . CNTF promotes RGC survival and growth in vitro, significantly delays RGC death after optic nerve crush injury, and improves early survival rate [27] [28] .
Cui et al [29] reported that CNTF could increase the RGC survival after axons were resected and obviously promote cell growth into the sciatic nerve. The present study found that optic nerve fibers were disorderly arranged in the CNTF group; glial nuclei were increased and irregularly arranged; a small amount of cell vacuoles were visible; nuclei were fragmented; and optic nerve fibers formed a circuit, with occasional nuclear fragments, but there was no thinning of the optic nerve and the degree of injury was lower than the model group. CNTF treatment may alter the morphology of optic nerve in animals with optic nerve injury and enhance the resistance towards loading and deformation. All evidence supports that CNTF has good potential for the treatment of optic nerve injury.
Ou et al [30] previously reported the clinical efficacy of Fuguang particles for the treatment of central serous chorioretinopathy, vitreous opacities, optic atrophy and other eye diseases.
Compound light granules contains a variety of anti-inflammatory components, such as Chinese Angelica, which has immune activity and improves mononuclear phagocytes [31] [32] ; total glucosides of White peony Alba, which has anti-inflammatory and immunomodulatory effects, and can be directly applied to macrophages where it inhibits the release of prostaglandin E2 and other bioactive substances and suppresses the leukotriene B4, which has a variety of biological activities and a very strong capacity for leukocyte chemotaxis and aggregation [33] [34] .
Compound light granule is an effective treatment for traumatic optic nerve injury through its antioxidant and The stress-strain curve is exponential when optic nerve strain is 0-2.8%, and is directly proportional when optic nerve strain is 2.8-10.7%. Large deformations occur in the specimens when the optic nerve strain is 12.8-16.2%, when specimens lose their load-bearing capacity. anti-inflammatory activities. Clinical treatment mainly focuses on activating blood circulation to dissipate blood stasis, relieving the depressed liver, and nourishing the liver and kidney, all of which are the main effects of compound light granule treatment. In this study, optic nerve fiber arrangement was disordered in the compound light granules group, glial nuclei were increased, with most nuclei being regularly arranged (a few were irregular); a small amount of cell vacuolization was visible; nuclear debris was present with occasional fragments being visible; there was no significant thinning of the optic nerve; and the resistance to loading and deformation was increased. This indicates that compound light granules are effective at repairing the injured optic nerve. The most significant reparative effect of the injured optic nerve after CNTF + compound light granule treatment confirmed that the combined actions of CNTF and compound light granules are optimal for treatment of optic nerve injury, as this treatment obviously improves the morphology of the injured optic nerve and increases the resistance to loading and deformation.
Previous treatment for optic nerve injury in animals has mainly consisted of the administration of CNTF or compound light granules alone [14, 26, 30] . In this study, we used the combined treatment of CNTF and compound light granules and verified their therapeutic effect by tensile mechanical testing and microstructural analysis.
During the experiments, all optic nerve specimens were sampled and stored under the same conditions. Tensile tests were performed at the same time and the experimental temperature and speed were consistent. The morphological observations were performed at the same site in all specimens, thus avoiding data error. Because of limited sample size and individual differences of animals, our experimental data may have discrepancies, and further studies are required to enlarge the sample size.
MATERIALS AND METHODS
Design
A randomized, controlled, animal experiment and biomechanical study. [35] . 
Time and setting
Medicine
Methods
Establishment of optic nerve injury models
The model of optic nerve injury was reproduced in rabbits according to a previously described method [26] .
In brief, rabbits were anesthetized with 0.1% urethane (5 mg/kg) through ear vein injection and fixed on the working table. The rabbit eye top lateral orbital skin was cut, exposing the supraorbital margin and orbital wall. The orbital wall bone plate on both sides was removed (depth 7-8 mm, width 6 mm), the posterior eyeball bulbar fascia was cut open and bluntly resected along the superior rectus muscle to the eyeball, thus exposing the retrobulbar optic nerve. About 5 mm of the optic nerve was freed 3 mm away from the posterior pole. The optic nerve was clamped by the same senior doctor in the Department of Ophthalmology for all animals, using a mosquito clamp (type J31020, specification 12.5 cm; Shanghai Medical Equipment (Group) Co., Ltd., Shanghai, China) for 5 seconds (Figure 11 ). The operative field was rinsed with gentamicin solution twice and sutured with 10-0 nylon sutures (Nike Qingdao Medical Material Co., Ltd., Qingdao, Shandong Province, China) layer by layer. The modeling operations were performed with care to avoid damaging the central retinal vascular system and the conjunctival sac was postoperatively coated with erythromycin eye ointment. Loss of response of the damaged eye to direct light and the presentation of mydriasis, with no retinal hemorrhage and vascular occlusion in the ocular fundus were defined as successful model establishment.
Drug intervention
Immediately after modeling, rabbits in the CNTF group were injected with 50 ng recombinant human CNTF (Sigma, St. Louis, MO, USA) into the vitreous body using a syringe [14] . In the CNTF + compound light granule group, models were given vitreous body injection of 50 ng CNTF [14] , 4 days later, intragastric injection of compound light granules (4 g/kg) once per day, for 30 consecutive days [26] . The compound light granule group was given only compound light granules for 30 days. The normal control and model groups were not treated.
Harvesting specimens
After compound light granules administration, rabbits were sacrificed using the ear vein insufflation method and the optic nerve was exposed. The intraorbital segment of the optic nerve was removed with an operation microscope (type S88, Carl Zeiss Company, Yarra, Germany) and stored in normal saline at 4°C.
Biomechanical analysis of the rabbit optic nerve by tensile testing
This study used the automatic control electronic universal testing machine (Figure 12 ; Changchun Testing Machine Research Institute, Changchun, Jilin Province, China) for tensile testing. The length and diameter of optic nerve specimens were measured according to a previously described method [36] (Changchun Third Optical Instrument Factory, Changchun, Jilin Province, China). The tensile specimens were 10 mm long and the diameter of specimens was 0.98-1.02 mm in the normal control group, 0.96-0.99 mm in the model group, 0.98-1.01 mm in the compound light granules group, 0.97-1.02 mm in the CNTF group and 0.98-1.02 mm in the CNTF + compound light granules group. Each optic nerve specimen was preset by repeated loading for 10 times [35] . Experimental temperature simulated normal human temperature at 36.5 ± 1°C. All optic nerve specimens were subjected to tensile testing at a speed of 2 mm/min. During the testing process all specimens were sprayed with physiological saline to maintain humidity. On completion of the experiment, the stress, strain and stress-strain curve were automatically calculated using computer software.
Light microscopic observation of the longitudinal structure of the rabbit optic nerve One intraorbital optic nerve in each group was selected and fixed in 10% neutral formalin solution for 24 hours. After conventional gradient ethanol dehydration, xylene clearing and paraffin embedding, specimens were cut into continuous longitudinal sections, with a thickness of 3 μm, and wax-mounted on slides coated with protein glycerin. Following this, they were subjected to the following: thermostat roasting; conventional dewaxing; hematoxylin staining for 3 minutes, followed by tap water rinsing; 1% hydrochloric acid differentiation, followed again by tap water rinsing; weak ammonia treatment to return blue; tap water rinsing; eosin staining for 2 minutes; conventional gradient ethanol dehydration, xylene clearing to make samples transparent; and neutral gum mounting. Morphological changes in the optic nerve were observed under a BX51 optical microscope (Olympus, Tokyo, Japan). 
Statistical analysis
Quantitative data were expressed as mean ± SD and analyzed using SPSS 16.0 software (SPSS, Chicago, IL, USA). Data difference between groups was compared with one-way analysis of variance and Sceffe method. A difference of P < 0.05 was considered statistically significant. The stress-strain functional relationship of each specimen was established by regression analysis. 
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